Introduction
============

Despite the pluripotency of embryonic stem (ES) cells, legal and moral controversies concerning their use for therapeutic and clinical application have prompted active examination of the reservoirs of progenitor cells harbored within the adult organism. In principle, such unspecialized cells are considered to be quiescent, but capable of self-renewing; their asymmetric division produces one identical daughter stem cell and a second progenitor cell that becomes committed to a lineage-specific differentiation program \[[@B1]\]. These cells remain in their \'undifferentiated\' state from suppression by some intrinsic or extrinsic factor, until stimulated. Such adult stem cells have been discovered and characterized in a multitude of tissues, suggesting the potential for therapeutic application in their host tissue \[[@B2]-[@B4]\]. As these cells are capable of differentiation along specific lineages and of being recruited to tissues in need, the promise for autologous clinical implantation or genetically engineered stem cells for protein or drug delivery without the risk of immunorejection looms on the horizon. However, the success of future clinical applications depends critically upon a thorough understanding of the biology of these cells, and new findings are continuously being reported. For example, there is recent evidence suggesting that the pluripotent stem cell, once thought to be restricted to the fates of a lineage hierarchy, is capable of transdifferentiation. Some recent examples include the observations that the hematopoietic stem cells of bone marrow have been shown to become hepatic oval cells \[[@B5]-[@B7]\]; that muscle satellite cells exhibit hematopoietic potential \[[@B8]\]; that neural stem cells have been shown to produce lineage-committed hematopoietic progenitors \[[@B9]\]; and that mesenchymal stem cells from bone marrow have traveled to skeletal muscle \[[@B10]\], differentiated into neuronal tissue \[[@B11],[@B12]\], supplied mesangial cells during repair processes \[[@B13]\], and given rise to cardiomyocytes *in vitro*\[[@B14],[@B15]\]. These observations strongly imply a critical influence of microenvironmental cues on cell fate.

Sources of mesenchymal stem cells
=================================

This review focuses on the adult mesenchymal stem cell (MSC), which has the potential to differentiate into chondrocytes, osteoblasts, adipocytes, fibroblasts, marrow stroma, and other tissues of mesenchymal origin. Interestingly, these MSCs reside in a diverse host of tissues throughout the adult organism and possess the ability to \'regenerate\' cell types specific for these tissues (Table [1](#T1){ref-type="table"}). Examples of these tissues include adipose tissue \[[@B16]\], periosteum \[[@B17],[@B18]\], synovial membrane \[[@B19]\], muscle \[[@B20]\], dermis \[[@B21]\], pericytes \[[@B22]-[@B24]\], blood \[[@B25]\], bone marrow \[[@B26]\], and most recently trabecular bone \[[@B27],[@B28]\]. Currently, bone marrow aspirate is considered to be the most accessible and enriched source of MSCs, although trabecular bone may also be considered an alternative source, in view of recent efficient isolation of multipotential cells from this tissue \[[@B29]\]. Given the wide distribution of the sources of MSCs, the bone marrow stroma may be considered to be the source of a common pool of multipotent cells that gain access to various tissues via the circulation, subsequently adopting characteristics that meet the requirements of maintenance and repair of a specific tissue type. In fact, the presence of MSCs in tissues other than the marrow stroma strongly suggests the existence of cell populations with more limited capacity for differentiation; specifically, monopotent or bipotent cells may have differentiation potentials developmentally adapted to (and perhaps restricted to) the tissues in which they reside.

Bone marrow contains three main cell types: endothelial cells, hematopoietic stem cells, and stromal cells. In a ground-breaking study, Friedenstein *et al.*\[[@B30]\] isolated cells, clonogenic fibroblast precursor cells (CFU-F), from whole bone marrow and showed that they were capable of forming bone- and cartilage-like colonies. Long-term bone marrow cultures also revealed the presence of adherent stromal cells that supported and maintained the hematopoietic component as a feeder layer \[[@B31]\]. After the endothelial cells, monocytes, and lymphocytes were removed using negative immunoselection, these long-term cultures revealed stromal cells that coexpressed phenotypic characteristics of the osteoblastic and adipocytic lineages, thereby indicating their progenitor status \[[@B32]\]. Many subsequent studies have substantiated the multipotent mesenchymal progenitor nature of cells isolated according to Friedenstein\'s method \[e.g. \[[@B33]-[@B35]\]\]. These studies have prompted interest not only in the differentiation potential of MSCs, but also in the mechanisms governing their lineage-specific differentiation, particularly to bone and cartilage. For example, Pittenger *et al.*\[[@B26]\] showed that cells isolated from human marrow aspirates were capable of remaining in a stable undifferentiated state when cultured long-term *in vitro*, and that colonies derived from single isolated cells could be induced to differentiate along osteogenic, adipogenic, and chondrogenic lineages when provided the appropriate cues. Concurrent with such discoveries, varying methods of isolation or preparation of more homogeneous, potentially clonally derived MSC populations have emerged. Kuznetsov *et al.*\[[@B36]\] found the stromal-cell population to be capable of forming colonies in response to the following growth factors: platelet-derived growth factor, transforming growth factor beta (TGF-β), basic fibroblast growth factor, and epidermal growth factor when cultured in serum-containing medium. More recently, Digirolamo *et al.*\[[@B37]\] have shown that cells with the highest colony-forming efficiency exhibited the greatest replicative potential, and also readily differentiated into osteoblasts and adipocytes. As such, techniques for the isolation and *in vitro*culture expansion of bone-marrow-derived MSCs range from aspiration and density-gradient centrifugation to simple, direct plating methods to size sieving \[[@B38],[@B39]\]. Although preliminary studies suggest that cells isolated using different methodologies are, in fact, the same and appear to retain similar potentials for differentiation, there is as yet no clear-cut definition of the human MSC, in view of the multitude of methods and procedures used in their isolation and characterization.

Characteristics of mesenchymal stem cells
=========================================

MSCs are described as multipotent because of their ability, even as clonally isolated cells, to exhibit the potential for differentiation into a variety of different cells/tissue lineages (Fig. [1](#F1){ref-type="fig"}). However, in most studies, it remains to be determined whether true stem cells are present, or whether the population is instead a diverse mixture of lineage-specific progenitors. Inconsistency in published reports of the growth characteristics and differentiation potential of MSCs underscores the need for a functional definition of these cells. At present, there is lack of a unifying definition as well as information on specific markers that define the cell types characterized as MSCs, with the sole definition being their ability to differentiate along specific mesenchymal lineages when induced to do so, to remain in a quiescent undifferentiated state until provided the signal to divide asymmetrically, and finally, to undergo many more replicative cycles than normal, fully differentiated cells.

Some groups have used the term \'marrow stromal cell\' interchangeably with \'mesenchymal stem cell\' \[[@B40]\]. While these two types of cell are likely to have a common ancestor, the stromal characteristic can be thought of as a committed lineage with limited potential for differentiation. Studies examining and comparing the morphology, phenotype, and *in vitro*function of MSCs and marrow-derived stromal cells have shown the MSCs to be more homogeneous and fibroblastoid, while the marrow-derived stromal cells were less homogeneous, with both fibroblastic and hematopoietic characteristics present to varying degrees. Although both cell types were able to support hematopoiesis, the undifferentiated MSCs were not as efficient, and while the cells displayed similar mRNA and cytokine profiles, their individual responses to IL-1 treatment differed \[[@B41]\]. Therefore, we propose that the stromal compartment of the bone marrow itself contains MSCs and that the stromal cell is actually an early differentiated progeny of the MSC.

Despite improvements in long-term culture expansion, MSCs display finite life spans, uncharacteristic of immortalized \'stem\' cells. Although MSCs are present throughout life, their total number is inversely correlated to the age of the patient and depends upon the site of extraction and the systemic disease state \[[@B42]\]. Bruder *et al.*\[[@B43]\] characterized the long-term growth kinetics and osteogenic differentiation potential of MSCs aspirated from bone marrow of the iliac crest; the cells averaged 38 ± 4 population doublings following extensive subcultivation and cryopreservation before they reached senescence. Retroviral transduction of human MSCs with the human telomerase gene has successfully extended the life span to more than 260 population doublings, while allowing the cells to remain stably undifferentiated with full multilineage differentiation potential \[[@B44],[@B45]\]. For the purpose of further elucidating the mechanisms regulating the lineage-specific differentiation pathways of MSCs, immortalized clonal sublines have been established using the human papilloma virus E6/E7 genes with and without transduced telomerase reverse transcriptase \[[@B28],[@B46],[@B47]\]. Okamoto *et al.*have shown the immortalized parental population to be composed of a heterogenous combination of uni-, bi-, and tripotential progenitor cells \[[@B47]\]. These findings again point to the intrinsic heterogeneity as well as the need for thorough characterization of the MSC population.

At present, the characterization of human MSCs lags significantly behind that of bone marrow hematopoietic cells. MSCs isolated directly from bone marrow are positive for CD34, the hallmark antigen for positive immunoselection of the hematopoietic stem cell, but lose this antigen upon *in vitro*culture. While these results suggest a common precursor for these two cell populations, they can be distinguished based upon the CD50 surface antigen, which is common only to the hematopoietic stem cell \[[@B48]\]. Isolation and enrichment of the MSC population has been greatly facilitated by the Stro-1 monoclonal antibody \[[@B49]\]. Stro-1 immunoselection of cells derived from human bone marrow revealed all fibroblast-colony-forming units to be positive for Stro-1 but to lack the CD34 antigen, indicating CD34 to be a nonspecific marker of human MSCs \[[@B50]\]. The Stro-1-positive population of bone-marrow-derived cells has been shown to be capable of differentiating into multiple mesenchymal lineages, including hematopoiesis-supportive stromal cells with a vascular-smooth-muscle-like phenotype, adipocytes, osteoblasts, and chondrocytes \[[@B51]\]. In addition, the cell-surface antigen activated leukocyte-cell adhesion molecule, which reacts with the monoclonal antibody SB-10, has been shown to be expressed in undifferentiated cells but is lost during mesenchymal differentiation. This surface antigen has been suggested to act as a cell adhesion molecule involved in osteogenesis during bone morphogenesis \[[@B52]\]. The presence of specific, distinct antigens that are identified by the monoclonal antibodies SH2, SH3, and SH4 on the cell surface of marrow-derived MSCs and that are absent from osteocytes and osteoblasts suggests that these recognized epitopes are developmentally regulated \[[@B53]\]. More recently, the antigen binding the SH2 antibody was identified as endoglin (CD105), the receptor for TGF-β3, which potentially plays a role in mediating the chondrogenic differentiation of MSCs as well as their interactions with hematopoietic cells \[[@B54]\]. The SH3 and SH4 antibodies have been shown to react with CD73 (ecto-5\'-nucleotidase), which plays a role in the activation of B lymphocytes in lymphoid tissue but whose role has yet to be elucidated in human MSCs \[[@B55]\]. As progress in phenotyping the MSC and its progeny continues, the use of selective markers has resulted in the enhanced propagation and enrichment of the MSC population, while maintaining them in an undifferentiated state without diminishing the differentiation potential. Walsh *et al.*\[[@B56]\] found that fibroblast growth factor-2 increases the proliferative potential of human-bone-marrow-derived MSCs *ex vivo*. This increase in colony size and overall cell number in response to treatment with fibroblast growth factor-2 was accompanied by an increase in the expression of Stro-1 and in the abundance of alkaline phosphatase-positive cells, suggesting that osteoblast progenitor cells are preferentially targeted by the growth factor \[[@B56]\]. Other studies, however, have shown the differential potential of human MSCs to be unaffected by fibroblast growth factor-2 treatment, notwithstanding the proliferative effects \[[@B57]\]. The phenotypic characterization of MSCs from human bone marrow has been further realized through the identification of the cytokine expression profile of undifferentiated cells. Constitutive expression of cytokines, such as granulocyte-colony stimulating factor, stem cell factor, leukemia inhibitory factor, macrophage-colony stimulating factor, and IL-6 and IL-11 is consistent with the ability of MSCs to support hematopoiesis and provide factors that regulate the marrow milieu itself \[[@B58]\].

Applications of mesenchymal stem cells in tissue engineering and regenerative medicine
======================================================================================

Bone
----

The challenges of engineering a tissue with numerous cell types, each expressing individual differentiation patterns, are significant for bone. The regeneration of bone is a key issue at the forefront of current tissue engineering applications, owing to the ease of use and accessibility of osteoprogenitor cells. The molecular mechanisms of human MSC regulation and the importance of specific growth factors during the different stages of osteogenic differentiation are subjects of intensive investigation.

### Molecular regulation of osteogenic differentiation

The induction of MSC osteogenesis is a highly programmed process, best illustrated *in vitro*. Treatment with the synthetic glucocorticoid dexamethasone stimulates MSC proliferation and supports osteogenic lineage differentiation \[[@B59],[@B60]\]. Organic phosphates, such as β-glycerophosphate, also support osteogenesis by playing a role in the mineralization and modulation of osteoblast activities \[[@B61],[@B62]\]. Free phosphates can induce the mRNA and protein expression of osteogenic markers such as osteopontin, and these phosphates have known effects on the production and nuclear export of a key osteogenesis regulatory gene, Cbfa1 (core binding factor alpha1) \[[@B63]-[@B65]\]. Other supplements, such as ascorbic acid phosphate and 1,25-dihydroxyvitamin D3, are commonly used for osteogenic induction, with the latter involved in increasing alkaline phosphatase activity in osteogenic cultures and promoting the production of osteocalcin \[[@B66]\]. In addition to established supplements, members of the bone morphogenetic protein (BMP) family of growth factors are also routinely used for osteoinduction. BMP-2 alone appears to increase bone nodule formation and the calcium content of osteogenic cultures *in vitro*, while concomitant application of BMP-2 and basic fibroblast growth factor increases MSC osteogenesis both *in vivo*and *in vitro*\[[@B67]\].

A number of signaling pathways have been shown to participate in MSC osteogenesis. The secreted signaling proteins known as Wnts have been implicated in various differentiation programs, including osteogenesis. An established Wnt coreceptor, the low-density lipoprotein receptor-related peptide5 (LRP-5) has been linked to osteoporosis--pseudoglioma syndrome in humans \[[@B68]\]. Patients with this syndrome have very low bone mass, are prone to fracture and bone deformation, and have an overall decrease in trabecular bone volume. Our laboratory has shown that trabecular bone harbors a population of MSCs \[[@B27]\], which may be the affected cell population in this disease, thereby leading to alterations in bone formation and remodeling. In mice, LRP-5 mediates Wnt signaling via the canonical pathway (i.e. through intracellular β-catenin) \[[@B69],[@B70]\]. In these *in vitro*mouse cultures, the application of Wnt-3a can induce the activity of alkaline phosphatase without altering the levels of Cbfa1. It has also been shown that mice with targeted disruptions of LRP-5 expression have a decreased level of osteoblast proliferation and display a phenotype similar to humans with osteoporosis--pseudoglioma syndrome \[[@B69]\].

Interestingly, the misexpression of telomerase was recently found not only to extend the life of MSCs *in vitro*, but also to increase their osteogenic differentiation potential \[[@B44],[@B45]\].

### Bone tissue engineering

The use of natural and synthetic biomaterials as carriers for MSC delivery has shown increasing promise for orthopaedic therapeutic applications, especially bone formation. Recent advances in the field of biomaterials have led to a transition from nonporous, biologically inert materials to more porous, osteoconductive biomaterials, and, in particular, the use of cell-matrix composites \[[@B71]\]. The parameters that need to be considered in the selection of a suitable delivery vehicle include physicochemical properties, such as surface area, porosity, local acidification, material chemistry, dimensional architecture, mechanical integrity, degradation characteristics, natural versus synthetic, and potential for drug delivery; and biological properties, such as the ability of the scaffold to support cellular attachment, proliferation, differentiation, matrix deposition, angiogenesis, prevention of dedifferentiation, and enrichment with a suitable quantity of cells. A number of delivery vehicles have been successfully used in cell-matrix composites *in vivo*, such as porous ceramics of hydroxyapatite and β-tricalcium phosphate loaded with autologous MSCs \[[@B72]\]. These constructs were capable of healing critical-sized segmental bone defects not capable of being healed by resident cells or by the addition of the osteoconductive device alone. A recent *in vitro*study comparing the biodegradable polymers poly-L-lactide (PLA) and poly-L-lactide-co-glycolide (PLGA) on the basis of adherence and proliferation of seeded trabecular-bone-derived osteoprogenitor cells showed that PLGA was the better substrate for the attachment and subsequent osteogenic differentiation of these progenitor cells \[[@B73]\].

Cartilage
---------

Joint pain is a major cause of disability, which most often results from damage to the articular cartilage by trauma or degenerative joint diseases such as primary osteoarthritis. Articular cartilage functions to provide uncompromised movement by minimizing friction between joints and allows load bearing through distribution of and resistance to compressive forces, but possesses very limited potential for healing. Current treatment methods for restoration of function due to articular cartilage damage, other than total joint arthroplasty, include autografting, allografting, periosteal and perichondrial grafting, stimulation of intrinsic regeneration by intentionally drilling full-thickness defects, pharmacological intervention, and, finally, autologous cell transplantation such as the periosteal flap technique \[[@B74]\] marketed by Genzyme Corp. (Cambridge, MA, USA). Despite such advances, cartilage damage often cannot be repaired to a fully functional normal state, or the procedures have higher failure rates in younger patients \[[@B75]\]. A potential resolution of this disease state is the regeneration of cartilage tissue using autologous MSCs, thereby obviating any donor-site morbidity as is seen with current repair methods, but requiring an understanding of the mechanisms responsible for the generation, maintenance, and particularly the regeneration of cartilage tissues.

### Molecular regulation of chondrogenic differentiation

The induction of chondrogenesis in MSCs depends on the coordinated activities of many factors, including parameters such as cell density, cell adhesion, and growth factors. For example, culture conditions conducive for chondrogenic induction of MSCs require high-density pelleting and growth in serum-free medium containing specific growth factors and supplements. The TGF-β superfamily of proteins and their members, such as the bone morphogenetic proteins (BMPs), are well-established regulatory factors in chondrogenesis. TGF-β1 was initially used for *in vitro*culture and can induce chondrogenesis under these conditions \[[@B76],[@B77]\], although TGF-β3 has recently been shown to induce a more rapid and thorough expression of chondrogenic markers \[[@B78],[@B79]\]. Another TGF-β family member, BMP-6, appears to increase the size and weight of pellet cultures and to increase the amount of matrix proteoglycan produced \[[@B80]\]. BMP-2 and BMP-9 have also been used in three-dimensional MSC culture systems, such as those seeded in the hydrogel alginate, and under these conditions can induce markers of chondrogenesis \[[@B81]\].

Similar to their role in chondrogenesis during development, the Wnt and Wnt-related family of signaling proteins are also involved in adult cartilage homeostasis. While a number of Wnts have been shown to inhibit chondrogenesis *in vitro*and *in vivo*\[[@B82],[@B83]\], we have recently identified Wnt-3a to be chondrostimulatory in mouse C3H10T1/2 cells \[[@B84]\]. In humans, mutations in the Wnt-1-inducible signaling pathway protein3 (WISP-3) are associated with the autosomal recessive disorder progressive pseudorheumatoid dysplasia. Patients with this disorder present primarily with a continual loss of cartilage as they age, which is accompanied by destructive bone changes \[[@B85]\]. WISP-3 is closely related to WISP-1 and WISP-2, both of which are highly expressed in Wnt-1-transformed cells \[[@B86]\]. These WISP proteins are of the same family of proteins as connective tissue growth factor, which is regulated by TGF-β \[[@B87]\]. Interestingly, WISP-3 is expressed in adult human synoviocytes and articular cartilage, and other Wnts, such as Wnt-11, are expressed in developing cartilage \[[@B88]\] and are upregulated during MSC chondrogenesis \[[@B89]\], suggesting the involvement of the Wnt signaling cascade in MSC chondrogenic differentiation. Consistent with this hypothesis, Wnt family members are present *in vivo*in the joint and *in vitro*in chondrogenic pellet cultures. Wnt-5a is expressed constitutively in pellet cultures *in vitro*(GBoland *et al.*, unpublished observation), whereas in rheumatoid arthritis, there is an established connection between elevated expression of Wnt-5a by activated synovium and established disease markers \[[@B90]\]. It is postulated that the presence of activated synoviocytes in the rheumatoid arthritic joint may be due to the migration of MSCs into the tissue, accompanied by high expression of Wnt-5a. In this activated synovium, blockade of Wnt signaling has been shown to lead to a decrease in the level of active cytokines such as IL-6 and IL-15 \[[@B90],[@B91]\].

Other signaling cascades involved in crosstalk with TGF-β include the mitogen-activated protein kinase (MAPK) pathways. Recent reports have implicated p38 MAPK as a downstream target of TGF-β1, BMP-2, and growth/differentiation factor5 (GDF-5) in the chondrogenic differentiation of the mouse cell line ATDC5 \[[@B92]\]. Moreover, in the mouse osteoblastic cell line MC3T3-E1, TGF-β was shown by genetic screening in yeast to activate two novel proteins, TAK1-binding protein (TAB1) and TGF-β-activated kinase (TAK1) \[[@B93],[@B94]\]. Potential downstream targets of activated TAK1 include MKK4/JNKK and MKK3/MAPKK6, which directly activate c-Jun N-terminal kinase (JNK) and p38 MAP kinase, respectively \[[@B95],[@B96]\]. Another MAPK, extracellular signal-regulated kinase (ERK), has also been shown to increase in protein level and activity after TGF-β treatment, thereby contributing to gene expression and regulation \[[@B97],[@B98]\]. Intracellular signals initiated by TGF-β ligand binding are principally mediated by the Smad family of proteins, particularly the receptor-activated Smads (2 and 3), the common-mediator Smad (4), and the inhibitory Smads (6 and 7) \[[@B99],[@B100]\]. Mutations of the TGF-β superfamily genes and their specific receptors in mice have led to multiple skeletal defects \[[@B101],[@B102]\]. More recent studies involving homozygous Smad-3-deficient mice have revealed abnormal hypertrophic differentiation of articular chondrocytes, leading to the progressive loss of articular cartilage resembling the pathology of osteoarthritic degenerative joint disease \[[@B103]\]. In addition, the ERK MAP kinases also phosphorylate the Smad2 proteins via receptor tyrosine kinases, thereby suggesting some crosstalk between the MAP kinase and Smad signaling proteins \[[@B104],[@B105]\]. Indeed, our recent studies have shown that activation of the p38, ERK, and JNK MAP kinases is required for the chondrogenic induction and maintenance of TGF-β1 treated trabecular-bone-derived MSC cultures (Tuli *et al.*, unpublished observation). Inhibition of the individual MAP kinase pathways with specific chemical inhibitors either completely abolished or significantly reduced expression levels of cartilage-specific genes in a pattern distinct to each pathway, thus indicating that p38, ERK, and JNK are independently essential for the TGF-β1-mediated induction of chondrogenesis.

A potential mechanism by which the MAP kinases mediate the effects of TGF-β1 is through the cell--cell adhesion molecule N-cadherin, previously shown to mediate embryonic mesenchymal condensation, a requisite cell--cell interaction in developmental chondrogenesis \[[@B106]-[@B108]\]. Treatment of cell pellets with TGF-β1 led to a transient increase in N-cadherin levels, followed by rapid decrease below basal levels (R Tuli *et al.*, unpublished observation). The addition of MAP kinase inhibitors to these TGF-β1-treated cultures led to alterations in N-cadherin protein levels, suggesting regulation of *in vitro*chondrogenic differentiation of MSCs by cellular signaling as well as mechanisms of interaction similar to those previously identified in embryonic developmental model systems (R Tuli *et al.*, unpublished observation). While the mechanisms of TGF-β-mediated stimulation of chondrogenesis remain incompletely understood, Wnt signaling via the MAP kinases is probably involved. Activation of the Frizzled receptor by Wnt-7a, and the subsequent activation of adenomatous polyposis coli (APC) and β-catenin have been shown to interfere with the progression from precartilage condensation to nodule formation by prolonging the expression of cell adhesion molecules \[\[[@B109]\]; Tuli *et al.*, unpublished observations\].

At the level of transcriptional regulation, changes in the levels of cellular binding of the transcription factors Sp-1 and AP-2 to their cognate response DNA sequences contained within the proximal promoter region of the gene of a cartilage matrix component, aggrecan, are indeed the targets of TGF-β1-induced MSC chondrogenesis, and alterations of AP-2 binding, but not Sp-1, are mediated by the activity of p38 MAP kinase \[[@B110]\]. These results suggest a possible signal transduction cascade whereby TGF-β1 activation of p38 MAP kinase results in the inhibition of AP-2 DNA binding, resulting in increased expression of the aggrecan gene. Another key factor known to play a role in chondrogenic lineage commitment and differentiation, and in the activation of cartilage-specific genes, is the transcription factor Sox9 \[[@B89]\], whose mRNA levels are increased during chondrogenesis, particularly at early time points (GBoland *et al.*, unpublished observation).

### Cartilage tissue engineering

MSC-based repair of full-thickness articular cartilage defects has been attempted in animal models, using various carrier matrices \[[@B111]-[@B115]\]. Natural polymers such as collagen have shown promise in early applications. Using autologous MSCs dispersed in a collagen-type-I gel, Wakitani *et al.*\[[@B111]\] succeeded in repairing full-thickness defects on the weight-bearing surface of medial femoral condyles. The regenerating cartilage was subsequently replaced by bone in a proximal-to-distal fashion until the underlying subchondral bone was completely repaired without disruption of the overlying cartilage.

Use of synthetic polymers in such applications have also been promising, in particular the α-hydroxyesters PLA and PGA and their copolymer, PLGA. Recent work in our laboratory has also tested the efficacy of using such biomaterials, with modifications, in MSC-based cartilage tissue engineering. Caterson *et al.*recently evaluated the use of an amalgam consisting of PLA and the hydrogel alginate as a three-dimensional carrier for MSC-based cartilage formation *in vitro*\[[@B116]\]. Alginate significantly improved cell loading and retention within the construct and maintained a round cell shape to enhance the chondrogenic differentiation of MSCs, while PLA provided appropriate mechanical support and stability to the composite culture, suggesting the amalgam as a potential candidate bioactive scaffold. We have also successfully fabricated \'plug-like\' cartilage constructs by press-coating PLA polymer blocks onto high-density cell pellets of human MSCs treated with TGF-β1 in a chondrogenic environment. Scanning electron microscopy and histological analysis revealed spatially distinct cellular zones, with the superficial layer resembling hyaline cartilage, and immunohistochemically detectable collagen typeII and cartilage proteoglycan link protein within the extracellular matrix, suggesting the potential utility of this construct for tissue-engineered therapy of articular cartilage defects \[[@B117]\]. Our recent attempts to fabricate a single-unit osteochondral plug on the PLA block using press-coated cartilage followed by seeded osteoblasts, all derived from the same MSC source, have been promising (R Tuli *et al.*, unpublished observation). Recently, Li *et al.*have developed a novel nanofibrous biomaterial, based on PLGA and poly-ε-caprolactone, by using an electrospinning process to fabricate a unique three-dimensional scaffold with structural similarity to a natural collagen network, as well as the ability to support MSC attachment, proliferation, and differentiation \[\[[@B118]\]; Li *et al.*, unpublished observation\]. In particular, the slower degradation rate of poly-ε-caprolactone compared with other polyesters may make it a highly suitable candidate biomaterial for the delivery of growth factors such as TGF-β1, and the properties can be further modified by copolymerizing with other polyesters. Such constructs may be applicable for the clinical reconstruction of articular cartilage defects.

Soft tissues
------------

### Tendon

In addition to the well-established bone, cartilage, and adipose lineages, the induction of MSC differentiation into other connective tissues, such as muscle, tendons, and ligaments is also being investigated. For tenogenesis, key factors include culture conditions, growth factors, and physical stimulation, such as mechanical loading.

Compared to the osteoblastic and chondrocytic lineages, little is known about the signaling pathways involved in tenogenesis of MSCs. Members of the TGF-β superfamily, specifically the growth/differentiation factors (GDFs), have been implicated in tendon formation. In some animal systems, GDFs5,6, and7 are seen to induce formation of tendon-like tissue upon implantation *in vivo*\[[@B119]\]. Similar effects have been seen upon adenoviral gene expression of BMP-13 (GDF6) in rats. The aforementioned GDF effects occur ectopically but are similar to the reparative effects seen in GDF treatment of damaged tendons \[[@B120],[@B121]\].

For a tissue-engineering approach, marrow-derived MSCs have been used for Achilles tendon repair. MSCs seeded onto a collagen-type-I construct incorporated into healing tendons that subsequently exhibited greater load-related structural and material properties than unseeded constructs. These MSC-loaded scaffolds had better alignment of cells and collagen fibers and were more similar to the native tendon than unloaded controls \[[@B122]\]. Much of the improvement seen with MSC-loaded constructs was seen at a biochemical level and in maximum stress, modulus, and strain energy density, rather than a histological level, and without much improvement in the microstructure of the tissue itself \[[@B123]\]. Another factor in this process is the initial seeding density of the cells, showing a plateau of density-dependent effect at approximately 4 million cells per milliliter \[[@B124]\].

One important issue concerning cell-based tendon tissue engineering is the mechanical loading and subsequent activation of the forming tissue. While no specific studies addressing this in MSCs are available, information gathered from tendon/ligament fibroblasts strongly suggests that tensile strength and stretch loading are essential for the proper formation and alignment of the tendon or ligament structure \[[@B125]\].

### Adipose tissue

*In vitro*adipogenic induction requires specific medium supplementations, including dexamethasone and 3-isobutyl-1-methylxanthine. Indomethacin, a nonsteroidal anti-inflammatory drug, binds to and activates the transcription factor peroxisome proliferator-activated receptor gamma (PPAR-γ), which is crucial for adipogenesis \[[@B126]\]. Known regulators of adipogenesis include several other transcription factors besides PPAR-γ, such as C/EBP-α and C/EBP-β. Also, during the adipogenic process, Wnt signaling, presumably through Wnt-10b expression by pre-adipocytes, is known to decrease adipogenesis *in vitro*and to play a role in the cell fate determination of mesenchyme \[[@B127]\]. It is believed that endogenous, canonical Wnt signaling maintains preadipocytes in an undifferentiated state by inhibiting C/EBP-α and PPAR-γ. When Wnt signaling is suppressed in pre-adipocytes and myoblasts, they proceed down the adipogenic lineage \[[@B127]\].

Several groups have also shown the ability of MSCs to interconvert between the adipogenic and osteogenic lineages \[[@B128],[@B129]\]. The concept of interconvertibility is appealing because *in vivo*the bone marrow progressively adopts a more \'fatty\' or adipose-like, versus hematopoietic, structure as a function of age. It has been proposed that the stromal elements of the marrow, perhaps containing MSCs, can differentiate into either the osteogenic or the adipogenic lineage, depending upon microenvironmental cues \[[@B128],[@B129]\].

### Muscle

Marrow MSCs have been induced into the myogenic lineage both *in vivo*and *in vitro*. While skeletal muscle itself contains stem cells known to be active in regeneration, these cells are distinct from MSCs and the subject is reviewed elsewhere \[[@B130]\]. Examination of the myogenic differentiation of MSCs is currently being applied to cardiac muscle as well as skeletal muscle. In particular, regeneration of cardiomyocytes is the goal of many groups, on the basis of previous experiments showing the induction of murine marrow stem cells into the cardiomyocyte phenotype \[[@B14],[@B131]\]. Some groups have examined the treatment of myocardial infarction by application of autologous MSCs in the pig model, and these studies show engraftment, differentiation, and improved function in animals treated with autologous marrow MSCs \[[@B132]\]. In a recent human study, the intracoronary application of autologous bone-marrow cells after myocardial infarction led to significant improvements of function in comparison with a group given standard therapy. Not only was the infarct region itself much smaller in these patients, but also the level of function of the heart was vastly improved over those receiving only the standard therapeutic interventions \[[@B133]\]. While the exact mechanisms responsible for such phenotypic conversion remain unknown, these findings hold much promise for the future of tissue engineering and regeneration \[[@B134]\].

Mesenchymal stem cells versus embryonic stem cells
==================================================

Embryonic stem (ES) cells are derived from the inner cell mass of the embryonic blastocyst. These cells can be maintained indefinitely *in vitro*without loss of differentiation potential, and when reimplanted into a host embryo, they give rise to progenies that differentiate into all tissues. However, much of what is known of EScells is derived from studies performed on the mouse, since human cell lines have only recently become available. Although instructive, such information may not necessarily apply to the capabilities of human EScells, further complicated by the current complexities of ethical issues. Controversies surrounding the legal and moral status of human embryos and the use of EScells encompass fundamental issues such as contraception, abortion, the definition of human life, and the rights and legal status of an embryo. A case in point is the position held by the administration of US president George W Bush, as articulated on August 9, 2001, which limits federal funding to research that uses EScell cultures in existence before that date. Despite such challenging considerations, it is instructive to explore the fundamental biological differences between MSCs and EScells, especially for applications of regenerative medicine.

The transient life span of EScells *in vivo*is in sharp contrast to that of MSCs, which reside much later into adult life. The seemingly unlimited potential of human EScells to self-renew and differentiate into a large variety of tissues was first characterized by Thomson *et al.*\[[@B135]\]. Although such cells can be propagated for more than two years with approximately 400 population doubling cycles while maintaining a normal karyotype and full differentiation potential, several key issues remain to be addressed. For example, use of allogeneic cells could involve the potential risks of immunorejection and heterotopic tissue formation (teratomagenesis). These problems could be circumvented using autologous cells created by \'somatic-cell nuclear transfer\', but will eventually evoke ethical and legal issues similar to those surrounding reproductive cloning \[[@B136]\]. Adult-derived MSCs, initially thought to be limited in potential to mesenchymal tissues, have been shown to be capable of greater plasticity and transdifferentiation than previously expected \[[@B6],[@B11]-[@B15],[@B19],[@B20],[@B137],[@B138]\]. Although MSCs display a finite life span in *in vitro*culture and approach senescence much more rapidly than ESCs, current techniques for the long-term culture expansion and maintenance of the undifferentiated phenotype of MSCs already allow them to be grown in sufficient number for clinical application \[[@B29],[@B43]\]. Interestingly, another multipotent adult progenitor cell, capable of differentiating at the single-cell level into cells of visceral mesoderm, neuroectoderm, and endoderm *in vitro*(specifically, cells of the hematopoietic lineage), as well as epithelium of the liver, lung, and gut, was recently copurified along with the MSC from rodent bone marrow \[[@B139]\]. Although the existence of such multipotent adult progenitor cells needs to be confirmed in humans, adult MSCs are likely to offer the same therapeutic potential without evoking the ethical, moral, and legal issues associated with the use of ES cells.

Future of mesenchymal stem cells
================================

To seriously consider the applications of MSCs for regeneration and tissue engineering, two key fundamental questions regarding these cells must be addressed: what exactly are these cells? and what is their endogenous function in their native tissue?

Addressing the question of stem-cell identity requires a focus on the cellular and genetic signature of MSCs. This question needs to be addressed in a similar manner to current analyses of other populations of stem cells. In the case of the hematopoietic stem cell, techniques such as flow cytometry to analyze specific cell-surface markers \[[@B140]\] and methods such as microarray analysis are being applied to establish a phenotypic and genotypic fingerprint of this cell population \[[@B141],[@B142]\]. Moreover, not only MSCs need to be examined, but studies should also include the cells that make up the niche or microenvironment that supports the survival and differentiation of stem cells. These complementary approaches have been used to compare different groups of stem cells in order to identify core \'stem\' genes and to examine supportive tissue to understand what genes and pathways are involved not only in stem-cell differentiation, but also in stem-cell support and maintenance.

The second important question addresses the native function of stem cells. These cells must exist *in vivo*to serve a specific purpose. One of their functions may be to serve as a repository of \'differentiation potentials\' -- a storehouse of cells waiting to differentiate into the needed lineage depending upon environmental needs and cues. Another possibility is that these cells function as \'director cells\', remaining undifferentiated themselves but, once stimulated, actively direct the differentiation of cells around them. Answers to these questions should provide important clues to the basic biology and potential of MSCs. That is, if these cells are intended for regeneration, the undifferentiated state is thus a dormant state until they are called upon to differentiate and replace old or damaged tissue. If, instead, MSCs are director cells, their maintenance in the undifferentiated state is a controlled process and represents the preferred cellular phenotype rather than a waiting state. In this capacity, these cells would have specific and active roles, rather than simply serving as a repository of potential.

Another critical issue is the potential of MSCs. Are they part of a pyramid or a pancake (i.e. do they exist as part of a lineage hierarchy or a lineage web)? Do they undergo the traditional hierarchical differentiation process, or are they, as recent evidence suggests, capable of transdifferentiating from one lineage to another? What is the stage past which these cells lose their plasticity? And where along this path are we catching them? These questions apply not only to MSCs, but also to the larger field of stem-cell research, since there is no current consensus as to whether all these pools of stem cells are separate entities or whether they are all descendants of one common stem cell. Are the true \'stem\' cells circulating and homing to tissues as they are needed? Is the same cell being called by many different names -- the circulating fibrocyte, the \'bone marrow stem cell\', which is often used for either hematopoietic or mesenchymal stem cells, the central nervous system stem cell, the hepatic stem cell, etc.? If many stem cells are found circulating, not only do the specific differentiation cues become important, but the homing mechanisms of the cells to the correct tissue become crucial also. As discussed here, the microenvironment plays a very critical role in MSC development. Growth factors, physical and mechanical stimuli, cell density, and cell--cell interactions all contribute to the end product of differentiation -- the cellular phenotype and behavior. An important question to address now is whether these cell fate decisions are due to inductive pathways that become activated, or instead are due to the inactivation of repressive pathways, or both. What is the differentiation baseline of these cells? Are they normally suppressed or normally dormant?

A recent paper describes the ES-cell-like property of a subgroup of marrow-derived stem cells \[[@B139]\]. This raises some intriguing questions about the origins and functions of MSCs. Are these cells a developmental remnant of early embryonic stem cells? If so, what mechanisms operate to allow this particular group of cells to \'escape\' developmental cues and remain undifferentiated in the adult organism? It is also known that the regenerative capacity of humans is very different from that of other metazoans and even different from that of other mammals. Are these differences in tissue-regenerative capacity related to the number of MSCs? For example, do axolotls, which are among the most efficient tissue regenerators, have MSCs, and, if so, are they more abundant than in humans? In addition, what is the developmental or evolutionary advantage to the decrease in MSC number? Were these cells slowly recruited from the stem-cell pool to contribute to the increasing complexity and tissue organization of the human system? If so, how can we utilize the potential of our remaining stem cells for tissue regeneration and repair?

In conclusion, MSCs derived from adult tissue present an exciting progenitor cell source for applications of tissue engineering and regenerative medicine. Modalities may include direct implantation and/or *ex vivo*tissue engineering, in combination with biocompatible/biomimetic biomaterials and/or natural or recombinantly derived biologics. MSCs may also be considered for gene therapy applications for the delivery of genes or gene products. Another intriguing prospect for the future is the use of MSCs to create \'off-the-shelf\' tissue banks. To fully harness the potential of these cells, future studies should be directed to ascertain their cellular and molecular characteristics for optimal identification, isolation, and expansion, and to understand the natural, endogenous role(s) of MSCs in normal and abnormal tissue functions.

Abbreviations
=============

APC = adenomatous polyposis coli; bHLH = basic helix--loop--helix; BMP = bone morphogenetic protein; Cbfa1 = core binding factor alpha 1; ECM = extracellular matrix; ERK = extracellular signal-regulated kinase; ES = embryonic stem; GDF = growth/differentiation factor; IBMX = 3-isobutyl-1-methylxanthine; IL = interleukin; JNK = c-Jun N-terminal kinase; LRP = low-density lipoprotein receptor-related peptide; MAPK = mitogen-activated protein kinase; MSC = mesenchymal stem cell; PLA = poly-L-lactide; PLGA = poly-L-lactide-co-glycolide; PPAR-γ = peroxisome proliferator-activated receptor-γ; SMAD = vertebrate homologue of *Drosophila*Mothers Against Decapentaplegic (MAD); TGF-β = transforming growth factor beta; WISP = Wnt-1-inducible protein.

Figures and Tables
==================

![Lineage potential of adult human MSCs. MSCs are characterized by their multilineage differentiation potentials, including bone, cartilage, adipose tissue, muscle, tendon, and stroma. This figure depicts some of the *in vitro*culture conditions (boxed) that promote the respective differentation process into a specific lineage. Signaling pathways and/or components or events shown to be involved in lineage-specific differentiation are in italics. See text for details. Dotted arrowheads denote potential \'reverse\' differentiation events. bFGF, basic fibroblast growth factor; bHLH, basic helix--loop--helix; BMP, bone morphogenetic protein; Cbfa1, core binding factor alpha 1; ECM, extracellular matrix; FGF, fibroblast growth factor; GDF, growth/differentiation factor; IBMX, 3-isobutyl-1-methylxanthine; LRP, low-density lipoprotein receptor-related peptide; MAPK, mitogen-activated protein kinase; PDGF, platelet-derived growth factor; SMAD, vertebrate homologue of *Drosophila*Mothers Against Decapentaplegic (MAD); TGF-β, transforming growth factor beta; WISP, Wnt-1-inducible protein.](ar614-1){#F1}

###### 

Sources of multipotential adult mesenchymal stem cells

  Source tissue       Multilineage differentiation potential          Representative references
  ------------------- ----------------------------------------------- ------------------------------------------
  Bone marrow         Adipocyte                                       \[[@B26],[@B143]\]
                      Astrocyte, neuron                               \[[@B12],[@B137]\]
                      Cardiomyocyte                                   \[[@B14],[@B15],[@B131]-[@B133]\]
                      Chondrocyte                                     \[[@B26],[@B46],[@B76],[@B79]\]
                      Hepatocyte                                      \[[@B6],[@B7],[@B144]\]
                      Mesangial cell                                  \[[@B13]\]
                      Muscle                                          \[[@B10],[@B35]\]
                      Neuron                                          \[[@B11],[@B12]\]
                      Osteoblast                                      \[[@B26],[@B33],[@B43],[@B145]-[@B147]\]
                      Stromal cell                                    \[[@B148]\]
                      Various embryonic tissue lineages               \[[@B139]\]
  Muscle              Adipocyte, myotubes, osteocyte                  \[[@B138]\]
                      Endothelial cell, neuron                        \[[@B20],[@B149]\]
                      Chondrocyte                                     \[[@B112]\]
                      Osteocyte                                       \[[@B20]\]
  Trabecular bone     Adipocyte, chondrocyte, osteoblast              \[[@B27]-[@B29]\]
  Dermis              Adipocyte, chondrocyte, muscle, osteoblast      \[[@B21]\]
  Adipose tissue      Chondrocyte, muscle, osteoblast                 \[[@B16]\]
                      Stromal cell                                    \[[@B150]\]
  Periosteum          Chondrocyte, osteoblast                         \[[@B17],[@B18]\]
  Pericyte            Chondrocyte                                     \[[@B22]\]
                      Osteoblast                                      \[[@B23],[@B24]\]
  Blood               Adipocyte, fibroblast, osteoblast, osteoclast   \[[@B25]\]
  Synovial membrane   Adipocyte, chondrocyte, muscle, osteoblast      \[[@B18]\]
